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Abstract

Nanometer TiO2-Al2O3 composite membranes were synthesized through the sol–gel polymeric reaction of TiCl4 and
AlCl3 in the presence of acrylic-acrylamide copolymer as a template. The dried samples were characterized by DTA,
TGA, FTIR, XRD, and TEM to determine the thermal behavior, chemical composition, crystal structure, shape, and
size of the particles. Octyltrichlorosilane was chosen as a silane coupling agent to increase the hydrophobic nature
of the prepared membranes. The morphological structure, hydrophobic nature, water permeability, and desalination
efficiency of the prepared membranes were studied by SEM, contact angle, permeability, and NaCl rejection
coefficient (R%) measurements. The crystal structure of titania and alumina particles in the composite was affected
by the AlCl3 and TiCl4 feed ratio. As the titania concentration increased, the average particle size of the composite
particles became larger and the uniformity of the membrane layer decreased. The alumina (75%)-titania (25%)
composite (AT25) showed a uniform crack-free membrane layer with a pore diameter of 12.9 nm and a porosity of
21.46%, with great hydrophobic nature, and with contact angle reaching 116°. This membrane can withstand
calcination temperature up to 700°C, as the alumina and titania were present in their active forms: gamma-alumina
and anatase, respectively. The membrane produced from this composite showed a high surface area of 333 m2/g
with a respective particle size of 4.6 nm. Moreover, it showed a high ability to reject NaCl from water with a
rejection coefficient of 73% and a high permeation flux of 4.8 l/h m2 at 75°C.
Background
Ceramic membranes are gaining more and more import-
ance in separation technology, especially in combination
with catalytic processes. They have several positive merits
especially their chemical resistance, thermal resistance,
and high permeability (Schaep et al. 1999; van Gestel et al.
2002, 2003). The main aim of the research work in this
field was the production of new nano-porous metal oxide
membranes. Thus, great advances were made regarding
the development of non-silicate ceramic membranes. Sys-
tems like ZrO2 and TiO2 were taken into consideration, in
particular with respect to their chemical resistance
(Schaep et al. 1999; van Gestel et al. 2002, 2003; Shojai
and Mantyla 2001). Also, γ-Al2O3 and TiO2 were of
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main interest (Xu and Anderson 1993; Larbot et al.
1994; Wildman et al. 1994; Puhlfürß et al. 2000). These
membranes have high selectivity against small macro-
molecules. The reduction in pore size from ultrafiltra-
tion to nano-filtration range was enabled by changing
the method of synthesis and the precursors used from
the colloidal to the polymeric sol–gel technique.
Alumina membranes based on the application of a

template polymer were produced over decades (Benfer
et al. 2001; Richter et al. 1997; Benfer et al. 2004) with
varying pore sizes and permeation rates. However, there
was a current limitation for the practical application of
these alumina membranes due to the failure in the produc-
tion of a complete crack-free layer by the sol–gel technique.
The partial kinetic γ- to α-alumina phase transformation
occurs upon calcination of the alumina membrane layer at
temperatures above 600°C. Phase transformation takes
place by coalescence of small (γ-alumina) particles into
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Figure 1 Steps of hydrophobic membrane layer preparation.
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Table 1 Composition of the prepared membranes

Membrane
symbol

Type of inorganic
salts

Concentration of inorganic salts
(mol%)

A AlCl3 100% AlCl3

T TiCl4 100% TiCl4

AT25 AlCl3-TiCl4 75% AlCl3

25% TiCl4

AT50 AlCl3-TiCl4 50% AlCl3

50% TiCl4

AT75 AlCl3-TiCl4 25% AlCl3

75% TiCl4

Figure 2 A block diagram of an apparatus for measuring ceramic
membrane wettability. 1 - light source, 2 - diffuser, 3 - measuring
Table, 4 - liquid droplet, 5 - manual syringe, 6 - camera lenses, 7 - CCD
camera, 8 - PC with an image acquisition card and image processing
applications (University of Alabama).
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larger (α-alumina) grains, accompanied by considerable
grain and pore growth. This was practically overcome by
calcination at a minimum temperature of 600°C to obtain
well-defined, mechanically stable layers of alumina mem-
branes (Gaber 2007). The effect of phase transformation
and accompanying grain growth can be avoided as sug-
gested by Kumar, by retarding its occurrence to a
temperature above the normal calcination temperature. It
has been suggested that the presence of a second phase de-
creases the sub-coordination number of the prepared parti-
cles in the nano-composite matrix (Sekulic et al. 2004;
Kumar 1993; Zhang and Banfield 1999). The presence of ti-
tania as a second phase to form an alumina-titania compos-
ite membrane retards the γ-alumina transformation and
keeps it in its amorphous phase, avoiding its transformation
into α-alumina phase; at the same time, the presence of alu-
mina keeps the titania in its stable form as anatase phase.
The present work aims at preparing alumina-titania

composite membranes that can withstand temperature
up to 700°C. The prepared membrane surfaces were
modified by octyltrichlorosilane to render them hydro-
phobic for desalination purposes. The properties and
microstructure of the prepared membranes before and
after modification were characterized.

Methods
Materials
Pure chemical reagents were selected to prepare the
required membranes. The following precursors were used:
aluminum chloride (AlCl3) was supplied by Aldrich (St.
Louis, MO, USA), titanium chloride (TiCl4) by Fluka Che-
mika (Buchs, Swizerland), aluminum hydroxide (Al(OH)3)
by Arabian Medical & Scientific Lab. Sup. Co. (Dubai,
United Arab Emirates), ammonium persulfate and acrylic
and acrylamide monomers by Merk-Schuchardt (Darm-
stadt, Germany), polyvinyl alcohol by German, and octyltri-
chlorosilane by Aldrich.

Method of preparation of the membranes
The method of membrane preparation is demonstrated
by the flow chart in Figure 1.

Preparation of the acrylic-acrylamide copolymer
Acrylic-acrylamide was polymerized on laboratory scale
via a free radical method to obtain the copolymer Gaber
AA (2007). Preparation of alumina membranes by sol–
gel polymeric route 658 M.Sc Thesis, Cairo University.
The following shows the reaction of formation:

Acrylic acid monomer þ Acrylamide monomer
n CH2 ¼ CH‐COOH nCH2¼ CH‐CO‐NH2

↓
Acrylic‐acrylamide copolymer½ �n
Preparation of the alumina support
Supports in the form of disks with the following dimen-
sions: diameter 25 mm and thickness 2 mm, were proc-
essed from α-alumina powder (commercial alumina) with
a mean particle size ≤10 μm and 2 wt% polyvinyl alcohol
as organic binder under a uniaxial press and a pressure of
200 MPa. The specimens were dried and then first fired in
a muffle furnace in air at a rate of 2°C/min up to 500°C
and maintained for 2 h at this temperature to eliminate
the organic binder. Heating was then continued at a rate
of 4°C/min up to 1,400°C for 4 h and then cooled to room
temperature.

Preparation of the alumina suspension
Fine α-alumina powder was first prepared by calcining
chemically pure Al(OH)3 at 1,200°C for 3 h. The ob-
tained powder was used to prepare a homogeneous and
stable suspension by the addition of 0.5 ml of ammonia
solution, 10 g of acrylic-acrylamide copolymer, and 6.6 g
of 3.5 wt% polyvinyl alcohol solution; 1.08 g of this disper-
sing agent was added to 1 g of the calcined α-alumina
powder and well stirred for 1 h, followed by dispersing in
an ultrasonic bath for another 1 h.
The prepared suspension was poured on the surface of

the alumina support, homogenized to form a uniform
layer of about 3 μm thick, dried for 24 h at 80°C, and then
fired at 1,000°C for 3 h at a heating rate of 1.5°C/min.
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Figure 3 Vacuum membrane distillation system (flow diagram).
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Preparation of the membrane layer
The salt solution of AlCl3 and TiCl4 (alumina 100% and
titania 100%) as well as AlCl3-TiCl4 mixed oxides
(75%:25%, 50%:50%, and 25%:75%) were prepared by dis-
solving the calculated ratio equivalent to 12 mol. The
Figure 4 Thermal analysis of the acrylic-acrylamide copolymer.
prepared solid solutions were added dropwise to an
equivalent weight of 1 mol of the acrylic-acrylamide
monomer that was kept constant in all batches as dem-
onstrated in Table 1. The reaction proceeds at room
temperature in an acidic media at pH 3 with continuous
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Figure 5 DSC and TGA curves of acrylic-acrylamide copolymers incorporated with (a) Al3+ (A), (b) Ti4+ (T), and (c) Al3+-Ti4+ (AT50).

Table 2 Temperatures of the DSC peaks of the free polymer and those incorporated with Al3+ and Ti4+

Material Endothermic peak temperature (°C) Exothermic peak temperature (°C)

First Second Third Fourth First Second Third Fourth

Free polymer 85 217 334 389 420 - - -

+Al3+ 102 - - - 207 388 508 -

+Al3+ and Ti4+ 118 232 - - 479 787 - -

+Ti4+ 106 - - - 433 - - -
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Table 3 Temperatures of the main weight loss steps in the TGA curves of the polymers

Material Main steps

Step I Step II Step III Step IV

Temperature
(°C)

Weight loss
(%)

Temperature
(°C)

Weight loss
(%)

Temperature
(°C)

Weight loss
(%)

Temperature
(°C)

Weight loss
(%)

Free polymer 50 to 179 8 179 to 218 12 308 to 450 80

+Al3+ 75 to 162.5 5.8 163 to 242.5 6.6 243 to 637 38.77 637 to 1,000 16.26

+Al3+ and Ti4+ 50 to 175 12 175 to 378 22.3 378 to 550 20.42 775 to 1,000 1.27

+Ti4+ 75 to 175 4.4 175 to 375 14.4 375 to 570 28.7 570 to 1,000 1.57
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stirring. A gel layer was deposited on the surface of the
support by a dipping procedure. The obtained gel layers
were left to dry at room temperature for 24 h followed
by drying for 24 h at 80°C. Finally, calcination of the pre-
pared membranes took place at 700°C for 3 h in a
temperature-programmable furnace with heating and
cooling rates of 1.5°C/min. The deposition of the mem-
brane layer was repeated three times as demonstrated in
the flow chart in Figure 1.
Grafting process
Organo-silane products are used in surface modification
to provide a convenient and stable means to create a
hydrophobic ceramic surface and tailor the effective pore
size (Miller and Koros 1990; Caro et al. 1998; Castricum
et al. 2005; Javaid et al. 2001; Abidi et al. 2006; Hyun et al.
1996; Leger et al. 1996; Randon and Paterson 1997). Alkyl,
chloro-alkyl, or fluoro-alkyl silanes of varying carbon
chain lengths can be used to provide chemical affinity, to
improve the separation performance, and to provide a
Figure 6 FTIR spectrum of the acrylic-acryl amide copolymer.
specific degree of pore size reduction (Javaid et al. 2001).
The prepared membranes were grafted using two different
organo-silane compounds, namely octyltrichlorosilane and
γ-aminopropyl-trimethoxysilane, to select the appropriate
one for the process. The membrane samples were
immersed in the silane solution of different concentrations
(2, 5, and 10 vol.% in ethanol) at room temperature (25°C)
and then dried at 70°C for 24 h. The procedure was re-
peated twice for different time intervals: 24 and 72 h, giv-
ing a total of 96 h of immersion time. This procedure was
used to characterize hydrophobicity and also grafting effi-
ciency. After the immersion, the membranes were rinsed
with ethanol two times to remove any unreacted chemi-
cals from the membranes and dried at 70°C for 24 h. Fi-
nally, the membranes were stored at room temperature
ready for characterization (Krajewski et al. 2006).
Methods for characterization
Thermal analysis, comprising both differential scanning
calorimetry (DSC) and thermogravimetric analysis (TGA),
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Figure 7 FTIR spectra of different gels of alumina (A), titania (T), and alumina-titania (AT50).
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Figure 8 XRD patterns of the samples. (a) Alumina (A) powder calcined at 600°C, 700°C, and 800°C. (b) Alumina (A), alumina-titania (AT25,
AT50, and AT75), and titania (T) membranes calcined at 700°C, where G is gamma-alumina and A is anatase. (c) Alumina-titania (AT50) membrane
calcined at 600°C, 700°C, and 800°C. (d) Titania (T) membrane calcined at 600°C, 700°C, and 800°C.
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was carried out on the acrylic-acrylamide copolymer and
the dried membranes using a Setaram Labsys TM TG-
DSC16 system (Newark, CA, USA).
Fourier transform infrared (FTIR) spectroscopy equip-

ment (MB154S, Bomem, Quebec, Canada) was used to
determine the main bonds in the copolymer and the
effect of the introduced inorganic cations to the polymer
structure on the spectra of the different groups.
X-ray diffraction analysis was carried out to characterize

the respective alumina and titania phases developed in the
membrane powder calcined at 600°C, 700°C, and 800°C
utilizing Bruker D8 (Madison, WI, USA) and Cu Kα radi-
ation. Scanning was carried out at a rate of 1° per minute
in the 2θ range between 5° and 70°.
The surface area measurements were performed using

Quantachrome Instruments NOVA Automated Gas Sorp-
tion version 1.12 (Boynton Beach, FL, USA). N2 isotherms
were performed at 77 K using a Coulter SA3 analyzer
(Fullerton, CA, USA). The respective surface area values
were calculated using the Brunauer-Emmett-Teller (BET)
equation.
A transmission electron microscope (model JEOL

JEM-1230, Akishima-shi, Japan) was used to examine
the membrane powders with respect to their particle size
and shape.
Figure 9 TEM images (a, b, c) and electron diffraction pattern (d) of t
The distribution of pore size, pore area, and pore
volume developed in the prepared membranes was de-
termined using a Hg porosimeter (Type No. 9810). The
chamber was first evacuated to a pressure less than 10
psia and then subjected to the introduction of a non-
wetting liquid (mercury), under a hydraulic pressure of
14 to 415 Pa, corresponding to pore radii from approxi-
mately 2 nm to approximately 200 μm.
The morphological characteristics of the membrane

surface and the thickness of the prepared layer after and
before the grafting process were examined using scan-
ning electron microscopy (SEM) equipment (Philips
XL30, Amsterdam, The Netherlands). The method is
based on directing a fine-focused electron beam acceler-
ated under a maximum potential difference of 30 kV to
scan the surface and microstructure of the specimen dis-
played on a cathode ray screen. The microstructure is
then photographed at a magnification between × 200
and × 50,000.
The surface of the prepared membranes was treated to

produce a kind of surface modification to maximize its de-
gree of hydrophobicity by eliminating the existence of
small, hydrophilic pores. This approach has been achieved
through the treatment with chloro-alkyl silanes that en-
hanced surface flow and solution diffusion.
he alumina (A) membrane powder fired at 700°C.
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Figure 10 TEM images (a, b) and electron diffraction pattern (c) of the alumina-titania (AT50) membrane powder fired at 700°C.

Figure 11 TEM image (a) and electron diffraction pattern (b) of the titania (T) membrane powder fired at 700°C.
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Table 4 Surface area measurements for the different
membrane powders calcined at 700°C

Sample
ID

Type of membrane Temperature
(°C)

Surface
area
(m2/g)

Particle
size
(nm)

A Alumina (100 mol%) 700 481.2 3.28

AT25 Alumina (75 mol%)-titania
(25 mol%)

700 333 4.63

AT50 Alumina (50 mol%)-titania
(50 mol%)

700 201.9 7.69

AT75 Alumina (25 mol%)-titania
(75 mol%)

700 175.1 8.81

T Titania (100 mol%) 700 324.9 4.98

Table 5 Results of the surface area of the alumina
membrane powders calcined at 600°C, 700°C, and 800°C

Sample
ID

Type of
membrane

Temperature
(°C)

Surface area
(m2/g)

Particle size
(nm)

A Alumina (100%) 600 812 1.89

A Alumina (100%) 700 481.2 3.28

A Alumina (100%) 800 282.7 5.99
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The hydrophobic character of the prepared mem-
branes was checked by measuring the contact angles of
a sessile waterdrop on the membrane samples using a
goniometer apparatus (Figure 2).
Water flux, permeability measurements, and salt rejec-

tion efficiency of the prepared membranes were per-
formed using a homemade pilot plant, as shown in
Figure 3.
The salt rejection efficiency of the prepared membranes

was measured using a Hanna model conductivity electrode
(model: HI99301). The retention coefficient (RNaCl) was
calculated according to the following equation:

RNaCl ¼ CFNaCl � CPNaCl½ �=CFNaClf g � 100%;

where CF and CP denote the concentration of NaCl in
both feed and permeate, respectively.
The desalination experiments were performed using

the different prepared flat membranes, namely alumina
(A), alumina-titania composite (AT25, AT50, AT75), and
titania (T). A fixed flow rate (10 ml/s) and vacuum pres-
sure (−0.8 bar) were used in the process. Three aqueous
NaCl feed solutions were as follows: 2,000, 3,000, and
5,000 ppm.
The NaCl solutions were prepared and heated at dif-

ferent temperatures (45°C, 55°C, 65°C, and 75°C). The
salt concentration of the permeate was measured in
order to determine the respective retention coefficient.
The temperature of the cooling condenser was main-
tained at 7°C.

Results and discussion
Thermal analysis
The TGA and DSC of the acrylic-acrylamide copolymer
alone and those incorporated with Al3+ or Ti4+ cations
are shown in Figures 4 and 5, respectively. Weight loss
and destruction of the acrylic-acrylamide copolymer take
place in three steps: loss of water (moisture) followed by
a gradual dissociation of the copolymer that ends by the
combustion of the copolymer at 450°C.
The DSC of the copolymer reveals four endothermic

peaks. The glass transition temperature of the copolymer
is at 85°C, followed by its melting point at 217°C. The
third and fourth peaks at 334°C and 389°C, respectively,
are due to dissociation of the copolymer according to
the polymer molecular weight. Decomposition of the co-
polymer occurs as an exothermic peak at 420°C.
Figure 5a,b,c and Tables 2 and 3 show the TGA and

DSC of the acrylic-acrylamide copolymer incorporated
with alumina, titania, and alumina-titania composite, re-
spectively. It was found that the thermogram of the
acrylic-acrylamide copolymer incorporated with alu-
mina, titania, and alumina-titania composite represents
three stages of weight loss, as demonstrated before and
illustrated in Table 3.
From Figure 5a, the glass transition temperature in-

creased to 102°C and the softening point increased to
206.5°C. Also, the polymer was completely degraded at
508°C. Figure 5b shows that the glass transition
temperature and the softening point of the acrylic-
acrylamide copolymer coupled at 106.1°C, and the poly-
mer was completely combusted at 570°C. Figure 5c
shows that the glass transition temperature and the soft-
ening point of the acrylic-acrylamide copolymer were at
117.9°C and 232.2°C, respectively, while the polymer was
combusted at 478.8°C.
It is clear that all reaction temperatures: glass transi-

tion, softening point, and combustion, of the copolymer
are shifted to higher temperatures. These increases are
due to the reaction that occurred between the metal
oxide and copolymer.
Fourier transform infrared spectroscopy
The IR spectrum of the acrylic-acrylamide copolymer is
displayed in Figure 6. A broad band occurs at 2,500 to
3,500 cm−1 which is due to the combination of two
broad bands corresponding to the stretching vibration of
the amide group and the stretching vibration of the car-
boxylic group. The main bands corresponding to the
presence of the C = O group occur at 2,362 and
1,662 cm−1. The bending vibrations of O-H and N-H
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Table 6 Pore size distribution of the different membranes

Sample symbol Total intrusion volume
(ml/g)

Total pore area
(m2/g)

Bulk density
(g/ml)

Average pore
diameter (μm)

Apparent density
(g/ml)

Total porosity
(%)

Support 0.2025 4.863 0.0914 2.2924 4.2786 46.42

Hydrophobic
support

0.1756 4.087 0.1719 2.3728 4.0677 41.67

Intermediate
layer

0.1547 3.116 0.2163 2.4669 3.9889 38.16

A 0.0951 9.080 2.9666 0.0419 4.1316 28.27

AT25 0.0785 24.258 2.7355 0.0129 3.4830 21.46

AT50 0.0971 8.273 2.9119 0.0248 4.0595 28.27

AT75 0.0344 5.546 2.9833 0.0469 3.3249 34.32

T 0.0998 35.464 2.5678 0.0113 3.3425 25.03
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groups attached to the polymer are found at 1,027 and
810 cm−1, respectively, while the main bands related to
the rocking and bending vibrations of the C-H bond are
detected at 617 and 1,455 cm−1.
The IR spectra of the acrylic-acrylamide copolymer

gels dried at 80°C, incorporated with one or two cations,
e.g., Al3+, Ti4+, and Al3+-Ti4+, are shown in Figure 7.
The high-frequency part of the spectrum is dominated

by a broad band occurring between 3,000 and 3,500 cm−1

which is a characteristic of the -OH stretching mode of -
COOH groups in the ‘acrylic-acrylamide copolymer’
Figure 12 SEM image of the alumina support.
template polymer. The corresponding deformation modes
appear in the range of 1,384 to 1,388 cm−1.
The IR spectra of the substituted cations with the

functional groups of the template polymer are more or
less similar with only slight variation. This indicates that
the same reactions between the metal oxide and copoly-
mer are taking place.
The bands at the range 624 to 659 cm−1 in the

substituted copolymer spectra are attributed to the dif-
ferent inorganic cations' R+-(O-C)- stretching vibrations,
where R+ = Al3+ and Ti4.

http://www.jast-journal.com/content/4/1/18


Figure 13 SEM images of both the (a) non-grafted and (b) grafted alumina intermediate layer.
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The bands detected at 1,627 to 1,631 cm−1 correspond
to the stretching mode of the C = O functional group,
whereas the NH and OH stretching vibrations occur in
the same range 3,300 cm−1. Therefore, these bands failed
to be distinguished from one another.

X-ray diffraction analysis
The X-ray diffraction (XRD) patterns of the different sam-
ples prepared using different molar ratios of the inorganic
Figure 14 SEM images of the alumina membranes calcined at differen
precursors (AlCl3 and TiCl4) added to the template
polymer (acrylic-acrylamide copolymer) and subjected to
a calcination reaction at temperatures between 600°C and
800°C for 3 h are displayed in Figure 8a,b,c,d.
The XRD patterns of the alumina (A) powders heat-

treated at different temperatures: 600°C, 700°C, and 800°C,
were ill crystalline at 600°C, whereas the γ-alumina phase
started to appear at 700°C showing an increase in the peak
intensity at 800°C, as shown in Figure 8a.
t temperatures: (a) 600°C, (b) 700°C, and (c) 800°C.
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Figure 15 Cross section of the alumina membrane calcined at 700°C.

Figure 16 Titania membrane calcined at 700°C.
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The XRD patterns of the membrane powders formed by
alumina (A), alumina-titania (AT25, AT50, and AT75),
and titania (T) were heat-treated at 700°C are shown in
Figure 8b. The XRD pattern of alumina indicates a small
peak depicted at 2θ = 67° denoting the start of formation
of the γ-alumina phase.
The XRD patterns of alumina-titania with different

molar ratios of AlCl3/TiCl4: 75%:25%, 50%:50%, and
25%:75%, exhibit a characteristic peak at 2θ = 25°, attrib-
uted to the anatase phase beside that of γ-alumina. The
intensity of the anatase peak increases with the increase
of the proportion of titania concentration; as a result,
the crystallization of the γ-alumina phase is retarded.
The XRD patterns of the alumina-titania (AT50) pow-

ders heat-treated at different temperatures are shown in
Figure 17 Alumina-titania composite membranes with different conc
(AT25) membrane. (b) Alumina (50 mol%)-titania (50 mol%) (AT50) membra
Figure 8c. The alumina is ill crystalline at 600°C, with
the start of formation of the γ-alumina phase at 700°C
and 800°C. On the other hand, the titania crystallized as
anatase in all powders heat-treated at 600°C up to 800°C.
The peak intensity increases with the increase of the
temperature of the treatment.
The XRD patterns of the titania (T) powders in Figure 8d

show the anatase phase at 600°C up to 800°C. The inten-
sity of the anatase peaks increases with the increase of the
temperature of the treatment.

Transmission electron microscopy
Figures 9, 10, and 11 demonstrate the shapes of particles
and overall appearance based on transmission electron mi-
croscopy of the prepared alumina, titania, and alumina-
entrations calcined at 700°C. (a) Alumina (75 mol%)-titania (25 mol%)
ne. (c) Alumina (25 mol%)-titania (75 mol%) (AT75) membrane.
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Figure 18 Cross section of the alumina-titania composite (AT50) membrane calcined at 700°C.

Table 7 Contact angle measurements of the alumina
support modified with two different silane agents: C3
and C8

Number Sample ID Concentration of
silane/ethanol
solution (vol.%)

Side CA
(deg)

Average
time (s)

1 C3 (2 vol.%) 2 Front 86.2

Back 8

2 C3 (5 vol.%) 5 Front 5

Back 5

3 C3 (10 vol.%) 10 Front 6

Back 11

4 C8 (2 vol.%) 2 Front 102.2

Back 115.7

5 C8 (5 vol.%) 5 Front 116.3

Back 111.5

6 C8 (10 vol.%) 10 Front 107.4

Back 106.1
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titania composite membrane powders heat-treated at 700°C
for 3 h.
The TEM images of the alumina powder are shown

in Figure 9a,b,c,d. Figure 9a shows a kind of agglomer-
ation of the grains. The structure of the template poly-
mer precursor was preserved by the substitution of the
alumina cation as evident from the scattered dendrites.
Figure 9b,c shows that the shape of the alumina grains
ranged between spherical and rodlike with a size ran-
ging from 65 to 95 nm. The electron diffraction pattern
of the powder showed diffuse rings indicating the ill-
crystalline nature of the grains with the presence of
some spots presenting γ-alumina as demonstrated in
Figure 9d.
The TEM images and electron diffraction pattern of

the alumina-titania composite (AT) powder are shown
in Figure 10a,b,c. The grains are agglomerated and ar-
ranged in a manner preserving the previous structure of
the polymer, as demonstrated in Figure 10a, with a size
ranging between 7 and 125 nm indicating the very fine
nature of the powder. Figure 10b shows the shape of the
particles that ranged between spherical and rodlike, with
a size ranging between 16 and 104 nm. On the other
hand, the electron diffraction pattern of the powder
shows the presence of diffuse rings attributed to the
amorphous nature of the alumina, besides the presence
of spots indicating the anatase phase of titania, as shown
in Figure 10c.
The TEM image and electron diffraction pattern of the

titania (T) membrane powder in Figure 11a,b show ag-
glomerates of the nano-grains with a size ranging

http://www.jast-journal.com/content/4/1/18


Figure 19 The waterdrop view on the hydrophobic surface of sample number 6 (one test).
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between 55 and 108 nm indicating the fine nature of the
powder. Particles are either spherical or hexagonal
shaped. The electron diffraction pattern of the titania
powder shows spots indicating the crystallization of the
anatase phase.
Table 8 Wetting angle measurements for the different
grafted membranes

Membrane ID Contact angle (deg)

A Approximately 119

AT50 Approximately 120

T Approximately 123
Specific surface area
The results of the different membrane powders obtained
after firing at 700°C in Table 4 indicate that the values of
the specific surface area are affected by the type and
molar ratio of the inorganic precursors reacted with the
copolymer.
Powders of the alumina membranes heat-treated at

600°C, 700°C, and 800°C gave the following values for
the specific surface area: 812, 481, and 282.7 m2/g, re-
spectively, whereas the calculated particle sizes were
1.89, 3.198, and 5.889 nm, as shown in Table 5.
Powders of the alumina-titania composite heat-treated

at 700°C showed a decrease in the values of the specific
surface area with the increase in the concentration of ti-
tania precursors. Coarsening of the grains took place as
evident from the calculated values recorded which in-
creased from 4.6318 to 8.813 nm, as shown in Table 4.
Pore size distribution
The porosity and pore size distribution measurements of
the prepared membranes are greatly affected by the
alumina-titania ratios while those modified by octyltri-
chlorosilane show a slight decrease in the respective po-
rosities and pore size measurements, as demonstrated in
Table 6. This indicates that the organo-silane agent does
not affect the whole structure, but only affect the surface
properties.
The change in the average pore diameter of the sup-

port on grafting recorded was between 2.29 and 2.37 μm
and accompanied by a decrease in the total porosity
from 46.42% to 41.67%.
The recorded pore diameters of the alumina (A),

alumina-titania (AT25, AT50, and AT75), and titania (T)
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Figure 20 Permeate flux of water through the alumina, alumina-titania, and titania membranes at different temperatures.

Table 9 Permeate flux of water through the alumina,
alumina-titania, and titania membranes at different
temperatures

Temperature (°C) Average flux (l/h m2)

A AT25 AT50 AT75 T

20 1.4 1.6 2.5 3.2 1.51

45 2.5 2.9 4.1 4.6 2.5

55 4.7 4.3 4.5 5.4 3.4

65 5.9 4.8 5.1 6.2 4.3
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membranes are in the following sequence: 41.9, 12.9,
46.9, 24.8, and 11.3 nm, with respective porosity of
21.46%, 28.27%, 34.32%, and 25.03%.

Scanning electron microscopy
Microstructures of the main layers as well as the cross sec-
tions of the prepared membranes are shown in Figures 12,
13, 14, 15, 16, 17, and 18.
The SEM image in Figure 12 shows the surface of the

alumina support specimen fired at 1,400°C. The alumina
grains with a size between 3 and 5 μm show a coarse
columnar to platy shape that is randomly oriented giving
a porous microstructure with a rough and pitted surface.
The interstices between the grains are filled with smaller
ones about 1 to 2 μm.
The SEM images in Figure 13 show the outer surface

of the grafted and non-grafted intermediate layer. The
SEM image in Figure 13a shows the alumina support
specimen covered with an α-alumina intermediate layer
(non-grafted sample) and fired at 1,000°C. The coarse
alumina grains are totally covered by the intermediate
layer with a grain size ranging between 0.2 and 0.5 μm
with connected pores giving a smooth surface. The SEM
image in Figure 13b shows the alumina support speci-
men covered with α-alumina intermediate layer, fired at
1,000°C, and grafted using octyltrichlorosilane. The cov-
ering layer displays the details of the underlying struc-
ture. No distinct behavior was spotted on the grafted
surface.
The SEM images of the composite and monophase

membranes in Figures 14, 15, 16, 17, and 18 show the
effect of controlling the temperature profile of heat
treatment and the concentration of the second phase on
the elimination of microcracks and pinholes in the pro-
duced membranes to reduce the stresses originating
from the removal of volatiles and the accompanying
shrinkage.
The alumina membrane treated at 600°C in Figure 14a

shows uniform and discrete layers. Increasing the
temperature to 800°C, as shown in Figure 14c, leads to
the formation of pinholes and cracks with coarsening
of the grains through the agglomeration of the alumina
particles to reach a size ranging between 348 and
853 nm. Figure 14b, on the other hand, shows the im-
provement of the surface of the membrane layer
heated at 700°C, where these defects were diminished
as possible with the presence of large alumina
particles.
The SEM image of the cross section of the alumina

(A) membrane in Figure 15 shows two different layers
on top of the support: an intermediate layer with a
thickness of 37.4 μm followed by the alumina membrane
layer with a thickness of 5.7 μm.
The SEM image of the titania membrane heat-treated

at 700°C in Figure 16 shows the uniformity of the sur-
face that completely covers the alumina support.
The effect of the addition of titania as a second com-

ponent to form the composite membrane is shown in
Figures 17 and 18.
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Table 10 The retention coefficient values of NaCl
solutions through alumina, alumina-titania, and titania
membranes

NaCl
concentration
(ppm)

Feed/permeate
temperature (°C)

Retention coefficient (%)

A AT25 AT50 AT75 T

2,000 45:7 19.58 26.30 28.51 11.5 10.67

55:7 21.57 29.56 31.77 17.11 27.54

65:7 32.52 41.55 38.69 19.17 38.96

75:7 35.24 46.55 42.77 30.52 42.93

3,000 45:7 26.2 28 30.79 15.31 24.27

55:7 45.24 36.22 39.10 28.11 43.69

65:7 47.62 44 46.43 29.32 53.79

75:7 50.82 47.25 48.88 30.67 58.09

5,000 45:7 34.44 53.02 32.99 16.87 53.58

55:7 49.77 56.11 46.43 37.65 54.91

65:7 51.39 63.58 60.49 40.09 56.23

75:7 54.26 72.59 70.26 47.43 61.57

Table 11 Comparison between values of retention
coefficient of NaCl solution (5,000 ppm at 75°C) using the
different membranes

Membrane type

A AT25 AT50 AT75 T

Retention coefficient (%) 54.26 72.59 70.26 47.43 61.57
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The effect of the content of titania in the composite
on the uniformity of the membrane layer is shown in
Figure 17. A uniform surface of the alumina-titania com-
posite (AT25) membrane heat-treated at 700°C is shown
in Figure 17a. AT50 and AT75, on the other hand, show
a kind of non-uniformity that might be generated by the
stresses arising from the start of conversion of anatase
to rutile phase, and this conversion is usually accom-
panied by grain growth of the latter phase, as shown in
Figure 17b,c.
The SEM cross-sectional image of the alumina-

titania composite (AT50) membrane as an example of
the alumina-titania composite samples is shown in
Figure 18. Two different layers appear on top of the
support. The support is covered by an intermediate
layer with a thickness of 12.5 μm followed by the
alumina-titania composite membrane layer with a
thickness of 5.7 μm.
The SEM image of the surface of the alumina-titania

(AT25) membrane showed a uniform crack-free top
layer with the least pore diameter of 0.0129 μm as dem-
onstrated from the pore size distribution results.

Contact angle measurements
In the present work, two different organo-silane com-
pounds, namely γ-aminopropyl-trimethoxysilane (C3) and
octyltrichlorosilane (C8), were selected to carry out the
surface modification.
The grafted membranes (alumina (A), alumina-titania

composite (AT), titania (T)) obtained by immersion in
a silane solution of different concentrations (2, 5, and
10 vol.%) in an ethanol solution at room temperature
25°C were tested by measuring the contact angle devel-
oped on the surface. Also, these membranes were sub-
jected for water permeation and water desalination.
Therefore, the degree of water permeability and the re-
jection coefficient (R%) of the modified membranes
were measured.
The results obtained shown in Table 7 represent an

average of three readings for the tested membranes. An
example of the drop formation and testing measure-
ments is demonstrated in Figure 19.
The measured contact angles of the non-grafted sup-

ports are lower than 90°. Accordingly, they are considered
hydrophilic and likely to absorb water. On the other hand,
the measured contact angles of three alumina support
samples grafted using γ-aminopropyl-trimethoxysilane de-
noted by C3 (2, 5, and 10 vol.%) are demonstrated in
Table 7.
Accordingly, octyltrichlorosilane (C8, 5 vol.%) was

selected to graft the prepared ceramic membranes for
the desalination measurements including water flux
and rejection coefficient (R%) measurements for each
membrane.
The wetting angles of the different grafted membranes
using 5 vol.% octyltrichlorosilane (C8) indicated that the
contact angle values recorded are independent of the
membrane type as they show more or less the same con-
tact angle, as shown in Table 8.

Vacuum membrane distillation experiments
Water permeation process
The measured values of water flux through the prepared
membranes depend on the temperature difference be-
tween the feed and permeate sides, as shown in Figure 20.
Thus, the alumina membrane showed a gradual increase
in water flux from 1.4 to 3.9 l/h m2 when the temperature
was raised gradually from 20°C to 65°C.
The results in Table 9 compare water fluxes through

the different grafted membranes (alumina (A), alumina-
titania (AT25, AT50, AT75), titania (T)). It is evident
from these results that water flux slightly depends on
the pore diameter of the used membrane. The water
fluxes of 1.58 and 1.5 l/h m2 measured at 20°C were re-
corded through the AT25 and T membranes with an
average pore diameter of 12.9 and 11.3 nm, respectively.
These values were smaller than those reported for

other alumina (A) and alumina-titania composite types
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Figure 21 Comparison between retention coefficient values of NaCl solution (5,000 ppm at 75°C) using the different membranes.
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(AT50 and AT75) of 4, 2.5, and 4.2 l/h m2 measured at
20°C with an average pore diameter of 41.9, 24.8, and
46.9 nm, respectively.
Desalination process
The retention coefficient values (R%) of the different
grafted membranes are presented in Table 10 which
depended strongly on the temperature difference be-
tween the feed and the permeate side and on the con-
centration of the NaCl solution. The alumina membrane
shows a retention coefficient of 34, 49.7, 51.39, and
54.26 at a temperature difference of 45:7, 55:7, 65:7, and
75:7, respectively.
The retention coefficient values (R%) showed an in-

crease by increasing the concentration of the NaCl
solution. The retention coefficient (R%) of the alumina
membrane increased from 35.24% to 54.2% by increasing
the NaCl solution concentration from 2,000 to 5,000 ppm.
The alumina-titania composite (AT25 and AT50) and

titania (T) membranes showed a higher ability to reject
the NaCl salt from water showing a retention coefficient
of 72.59%, 70.26%, and 61.57%, respectively, while the
alumina-titania composite AT75 showed a lower reten-
tion coefficient of 47.43%.
Figure 21 and Table 11 show the salt retention (RNaCl)

during the membrane distillation process using the differ-
ent grafted membranes (A, AT25, AT50, and T) at the
temperature difference of 75:7 using NaCl solution of
5,000 ppm as a feed solution. It can be seen that the salt re-
tention coefficient in the MD process with the different
prepared grafted membranes is close to 75%. This can be
explained by the fact that some of the biggest pores were
wetted and limited transport of NaCl solution could occur.
Conclusions
The study of the preparation of membranes via the ap-
plication of the acrylic-acrylamide copolymer as tem-
plate was successful in overcoming the presence of
cracks through the different additions. It was possible
to obtain membrane layers of uniform nano-pore size
and porosities between 25% and 37% fired at 700°C.
The crystal and morphological structures of the
alumina-titania membranes were affected by the AlCl3
and TiCl4 feed ratio. The addition of titania succeeded
in hindering the crystallization of the alumina phases
and eliminating the possibility of the accompanying
cracking. The polymeric route using acrylic-acrylamide
copolymer as a template polymer led to preparation of
membranes with ill-crystalline nature at 600°C that
started to crystallize at 700°C which showed high sur-
face area values as well as nano-pore size and meso-
porosities. The results of water permeation showed
that there is an upper limit for the addition of titania.
The final supported membranes prepared using
alumina-titania (AT25 and AT50) precursors showed
uniform layers without cracks. The alumina-titania
composite (AT) membranes showed a pore size of 13
to 46 nm, porosity of 21% to 34%, and water perme-
ability of 2 to 8 l/h m2/bar. These membranes can be
used for ultrafiltration purposes, such as pretreatment
of water desalination and concentration of aqueous so-
lutions (fruit juice, sugar solution). The polymeric sol–
gel method used in this study to produce different
hydrophobic alumina-titania membranes which uti-
lized chloride salts of aluminum and titanium using
acrylic-acrylamide as a template polymer and octyltri-
chlorosilane as a grafting agent is promising and can
be used for different membranes.
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